INTRODUCTION
Taihu Lake of Southeast China has witnessed both the rapid economic bloom of its neighboring areas and a dramatic algal bloom of its water body in the past two decades. Water quality deterioration of the lake has become a national concern since the early 1980s. The Chinese government has shown its resolution to combat pollution of the lake by closing a large number of heavy polluting enterprises around the lake and by banning the selling and use of P-bearing detergents in its catchment. However, it seems the causes and effects of eutrophication of the lake are rather complex. Despite all the efforts dedicated to reduce urban and industrial emissions, water quality of the lake has not shown *Corresponding author. E-mail: qczhang@zju.edu.cn Tel: 86-0571-86971957. significant improvement in recent years (Chen, 2001; . Accelerated entrophication, the biological enrichment of surface waters stemming from anthropogenic inputs of nutrients, is the most common surface water impairment in the lakes of China (Zhu, 1995; Zhang et al., 2007) . As P is generally considered to be the key element that controls or limits productivity of fresh water, the decrease of P loss in runoff has become a major target to minimize surface water degradation (Charpenter et al., 1998; Boesch et al., 2001; Wang et al., 2001) .
The major P transport pathway for most agricultural soils is surface runoff (Han et al., 2010) . The transport of P can be separated into particulate and dissolved phosphorus forms which are pp and DP. DP is the most immediately available for algal uptake (bio-available) (Peters, 1981; Hatch et al., 1999) . In contrast, PP associated with sediment and organic material in runoff, may constitute a variable but long term source of potentially bio-available P in lakes (Sharpley et al., 1992) . It is recognized by many scientists that a large portion of P enters water in particulate associated form (Yli-Halla et al., 1995; Uusitalo et al., 2001; Ellison and Brett 2006) . Consequently, measurement of bio-available P is essential to more accurately estimate the impact of agricultural management practices on the biological productivity of surface waters. The soil management system has a strong influence on the concentrations of runoff (Bertol et al., 2007) . The timing of fertilizer application in relation to rainfall events, as well as the form of placement of fertilizer in soil affects nutrient losses by runoff (Yang et al., 2009) . However, the information on nutrient losses from forest soils is very limited. The processes of soil P losses, especially the dynamic characteristics of P loss by runoff and suspended materials under natural rainfall condition in forest catchments have not been well studied.
Bamboo (Phyllostachys pubescens) forests are widely distributed in its catchments of Taihu Lake which covers about 30% of the total hilly and mountainous area of the watershed, especially in Zhejiang province. In Zhejiang, the bamboo industry generates several billion Yuan per year and it ranks among the most important businesses . With the rapid increase of the number of bamboo plantations under intensive management during recent years, serious problems such as the degradation of the bamboo forests, a decline in soil quality and water pollution caused by unfavorable cultivation practice, for example, over-fertilization and fertilizer broadcasting have begun to occur (Shen et al., 2000) . It is therefore, very important to study nutrient transport processes of bamboo forests under intensive management to provide guidance to bamboo-planting farmers. The objectives of this work were to evaluate the P loss processes by runoff from bamboo (P. pubescens) forest in a year period and the possible factors effecting the nutrient P losses.
MATERIALS AND METHODS

Study area
The study was carried out from 2009 to 2010 in the Siling watershed, Yuhang County, Zhejiang Province, People's Republic of China. The Siling watershed drains into a tributary of Tiaoxi River and ultimately, into Taihu Lake. Bamboo forest covers about 70% of the total hilly and mountainous area of the watershed. It belongs to a typical sub-tropical monsoon climate, with mean temperature of 15.3 to 16.2°C. Average rainfall was 1550 mm; about 70% was concentrated in the period of March to August. The soil is mainly red soil series (Ultsol) according to the soil classification system of China. The experimental plots were established on slightly sloping bamboo land in the watershed.
Field experiment design
In May 2009, three typical bamboo growing areas in the watershed were chosen for the experiment. Three runoff plots with different fertilizer treatments in each experimental area were established. The plot size (20 m x 15 m) was 300 m 2 with cemented walls surrounding it. The 6 cm thick cemented wall was 50 cm wide with 30 cm inserted into the soil surface layer and 20 cm above the soil surface to isolate it from adjacent plots. At the lower end of the plot, facilities for runoff collection were installed. WatchDog Weather Stations (WatchDog 2700) were also installed near the experimental area to collect meteorological data.
The fertilizer treatments included; no fertilizer application (CK), farmers′ fertilizer practice (FFP) and site specific nutrient management (SSNM). The fertilizer NPK used was urea, superphosphate and potassium chloride, respectively. For FFP, according to the local farmers' practice, the fertilizer rate was 465 kg/hm 2 N, 112 kg/hm 2 P2O5 and 112 kg/hm 2 K2O applied by broadcasting three times in February, May and September. Taking into account the indigenous nutrient supply of the soil, reasonable bamboo yield targets and corresponding nutrient demand, nutrient balance and nutrient use efficiency, as well as socio-economic factors, the fertilizer requirement was worked out for SSNM treatment according to the principle of site-specific nutrient management (Wang et al., 2003) . The fertilizer rate for SSNM was 207 kg/hm 2 N, 105 kg/hm 2 P2O5 and 95 kg/hm 2 K2O applied two times in February and September. The fertilizers were applied in 20 cm wide and 30 cm depth trenches that were horizontally parallel to each other with 2.5 m interval. The basic soil properties and bamboo growth status in the three experiments area are shown in Table 1 .
Water sampling and chemical analysis
At the end of each rain runoff event, the total volume of runoff from each plot was measured and sampled immediately. The samples were stored at 4°C until analysis. Aliquots of runoff samples were filtered (0.45 µm) for dissolved P (DP) determination. The unfiltered runoff samples were used for total P (TP) determination following perchloric acid digestion (Olsen and Sommers, 1982) . Particulate P (PP) was calculated as the difference between TP and DP. Bioavailable P (BAP) concentration was determined by extraction of 20 ml of unfiltered sample with 180 ml of 0.1 M NaOH for 17 h on an end-over-end shaker (Sharpley et al., 1991) . The bio-available particulate P (BPP) was calculated by subtraction of DP from BAP. Suspended sediments of runoff were determined as the difference in weight of 250 ml aliquots of unfiltered and filtered (0.45 µm) runoff samples after evaporating (105°C) to dryness. All the solution P was determined by the colorimetric method of Murphy and Riley (1962) . Each measurement was conducted in duplicate.
Statistical analysis
Statistical analyses were performed using the Spss11.0. Comparisons of means were performed using Duncan's student range test at p < 0.05.
RESULTS AND DISCUSSION
Phosphorous concentrations and amounts of runoff
In the period from June 2009 to May 2010, 39 runoff events occurred after natural rainfall. Under the treatments of control (CK), site-specific nutrient management (SSNM) and farmers' fertilizer practice (FFP), the runoff loss reached 356, 361 and 342 m 3 /hm 2 and the soil particle loss reached 393, 392 and 442 kg/hm 2 , respectively. The runoff and soil particle losses were highly correlated with the precipitation during the period (R 2 =0.86-0.92). The mean P concentrations of runoff were affected little by management practice in one year (Figure 1 ). The total P (TP) concentration of runoff ranged from 0.02 to 6.80 mg/l with the average value as 0.60 mg/l, while the particulate P (PP) concentration of runoff ranged from 0.06 to 1.4 mg/l with the average value as 0.44 mg/l. As we know, certain components of PP are readily usable by organisms, while others are more or less completely unavailable. Phosphorus that can be utilized by plants and bacteria is called bio-available phosphorus (BAP). BAP includes nearly all DP and the fraction of PP that is readily usable. The use of TP to estimate eutrophication risk is problematic for management purpose as it overestimates the amount of P that is biologically available to phytoplankton and bacteria. Previous studies have shown that BAP rather In a column, means followed by the same letters are not significantly different by DMRT at 5% level. than TP provides the most accurate assessment of water quality conditions in lakes and streams (Butkus et al., 1988; Gerdes and Kunst, 1998) . Figure 1 shows the BAP concentration of runoff ranged from 0.05 to 0.5 mg/l with the average value was 0.24 mg/l. Also, all forms of P concentration in runoff from the study varied considerably from rain event to event in one year period. Sharpley (1996) reported that runoff water was considered as degraded if total P exceeds a guideline concentration of 0.10 mg P L -1
. According to the Everglaes Forever Act in Florida (EFAF, 1994) , concentrations of total P in surface runoff that discharges into the Everglades are mandated to be reduced to a threshold level of 0.05 mg P L -1 . Mean concentration of total P in the surface runoff from the bamboo forest we monitored in a year period was 12 times greater than the EFAF threshold and 6 times greater than the Sharpley's guideline level. Of particular importance is the fact that, among the samples, 95% of TP, 90% of BAP and 84% of PP concentrations were more than 0.10 mg/l. The higher DP concentration in FFP treatment (Figure 1 ) might have resulted in part from broadcast application of fertilizer P. This DP increase emphasizes the need for judicious fertilizer P management of conservation tillage in bamboo forest, which should include subsurface application.
The phosphorus loads by runoff from 39 individual runoff events for all plots were calculated by multiplying P concentration in runoff sample and runoff volume (Table  2) . In contrast to DP and BAP, PP and TP for SSNM and FFP were not significantly different. Compared with FFP, the SSNM treatment reduced dissolved phosphorus (DP) loss by 15% and reduced total bioavailable phosphorus (BAP) loss by 8% (Table 2) . We also analyzed the soil Olsen P after one year experiment (Figure 2) . The higher soil Olsen-P in FFP than in SSNM was observed. It is worth to note that, positive relationships were observed between the soil Olsen-P and BAP runoff (R 2 =0.57*). Also, large part of the particulate P lost in runoff was bioavailable P (Figure 3 ) and fertilizer P application significantly increased the bio-available P loss of bamboo land (Table 2) .
Runoff phosphorus and rainfall
On an individual runoff event basis (Table 3) , PP bioavailability (BPP) was not significantly (p > 0.05) related to the soil sediment concentration (data not presented), possibly due to the difference in P transport processes from event to event. The amount of PP loss was highly correlated with the soil loss in runoff indicating that the PP transported in the runoff increased with an increase in soil loss of runoff (Figure 4) . The correlation coefficient between PP and soil loss in FFP and SSNM treatment was 0.88 and 0.78, respectively.
Single relationships were also used to describe the runoff on TP, BAP, PP and DP ( Figure 5 ). At each rainfall event, there was a significant (p < 0.01) linear increase in runoff TP, BAP, PP and DP with runoff (R 2 ranged from 0.93 to 0.97) indicating that, P transported in runoff increased with surface runoff. We calculated the amounts of rainfall and rainfall intensive through weather stations during the period from June 2009 to May 2010 (Table  3) .The largest rainfall happened in August, while the largest rainfall intensive happened in July. Although, there was significant correlation between phosphorous and rainfall, rainfall intensity as well as solar radiation and temperature were not consistently related with P concentration in runoff (Table 4) . In contrast to this study, the concentration of DP, PP and TP was significantly (P < 0.01) greater in runoff with a rainfall intensity of 75 than 50 mm h -1 for all the P sources in the Mahantango Creek, observed by Francirose et al. (2007) . The relative differences with this study in relation between rainfall intensity and P loss in runoff might have resulted from the fact that, rainfall was applied designedly using a rainfall simulation after P source application by Francirose et al. (2007) . A rainfall simulation study could be quite different from natural rainfall conditions, because temporal variations of rainfall intensity and duration, length of time between runoff events would occur during natural conditions. Clearly, there is a need for further information on the long-term effects of meteorological factors on the transport of bio-available P in both soluble and particulate forms in runoff under field conditions as natural rainfall. Similar relationships between runoff BAP loss and runoff TP loss was also observed (Figure 6 ). Positive relationships were observed between phosphorus fractions in surface runoff (Table 4) .
Dynamic of runoff phosphorous
The dynamic changes of the DP, TP, BAP losses in one year period under the bamboo field are shown in Figure  7 . In the period from June 2009 to May 2010, the largest P losses happened in August followed by July and June. Total P losses in August were about 51% of the total P loss during the period, while DP, BAP and PP losses in August were about 43, 62 and 51% of its total loss, respectively (Figure 7 ). In addition, the largest rainfall in August observed was 479.8 mm, and then in July and June the rainfall were 248 and 196.8 mm, respectively. It suggested that, phosphorus losses were highly correlated with rainfall as Table 3 also indicated. Therefore, the main factor influencing soil P loss in the bamboo field was precipitation. Particulate P (PP) is a long-term source of potentially bio-available P in lakes (Andrew et al., 1992) . Various physical, chemical and biological processes influence the bioavailability of this P fraction. The losses of PP were about 92, 93 and 91% of the total P losses in the CK, SSNM and FFP treatment, respectively, indicating that particulate associated with P was the predominant form exported from bamboo forest. This result was consistent with many studies that indicated that PP was the predominant form exported from agricultural land (Sharply et al., 1994; Carpenter et al, 1998; Hart et al., 2004) .
Conclusions
During the period of this study, the runoff loss reached 356, 361 and 342 m 3 /hm 2 and the soil particle loss reached 393, 392 and 442 kg/hm 2 , respectively, under the treatments of control (CK), site-specific nutrient management (SSNM) and farmers' fertilizer practice (FFP). The total P loss in CK, SSNM and FFP reached 132, 141 and 148 g/ha, respectively, indicating that the application of P fertilizer to the plots of bamboo forest increased P loads in surface runoff. Compared with FFP, SSNM decreased TP loss by 5%, DP loss by 15% and BAP loss by 8%.
The bioavailability of TP (20 to 85% as BAP) and PP (9 to 65% as BPP) varied appreciably with rain events. It will be necessary to determine the BAP transport in runoff, as both DP and BPP, to more reliably evaluate the biological response of a water body to forest surface runoff. The percentage of PP was about 90% of TP in samples from three treatments. Therefore, particulate P was the dominant form of the total P in the runoff from bamboo forest.
The average total phosphorus (TP) concentration of the runoff was 0.60 mg/l, while the average bio-available phosphorus (BAP) concentration was 0.24 mg/l. The results of this study provided evidence that P losses from bamboo forest would potentially contributes to water eutrophication of a receiving water body.
Significant correlations existed between phosphorus losses with both rainfall and runoff. The greatest potential risk of P loss by runoff might occur in August, and then in July and June because this period has the largest rainfall in a year. Since the main factor influencing soil P loss is precipitation, it will be necessary to control runoff P concentration to decrease P exported from bamboo forest by relevant measures, such as conservation tillage and deeper fertilizer P application. 
